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a b s t r a c t 
The Time Domain Passivity Approach (TDPA), a method to inject adaptive damping to satisfy the passivity con- 
dition in real-time, has emerged as a powerful tool to stabilize coupled network systems with/without commu- 
nication delay, such as haptic and teleoperation systems, due to its simplicity and effectiveness. However, we 
found that the conventional TDPA has unnecessary conservatism especially in delayed coupled network systems 
due to direction dependent energy calculation and dissipation. In this paper, we propose a new time domain pas- 
sivity approach with reduced conservatism by considering the energy reflection from an energy storage element 
in the network. The method is generally formulated with a delayed 2-port network system including an energy 
storage element and implemented to a teleoperation system. The proposed method is experimentally tested and 
a comparison with the conventional TDPA reveals improved kinesthetic coupling and transparency in terms of 
position tracking and force reflection. 
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0. Introduction 
In recent years, there has been an increasing interest in time-domain
ontrollers that guarantee passivity online. In those methods, the sys-
em’s energy is monitored in real-time and the controller gain is adap-
ively tuned in order to satisfy the passivity condition in the time-
omain. The Time Domain Passivity Approach (TDPA) has triggered
his area of research. The authors of [1] proposed the TDPA for hap-
ic and coupled network systems. In [2] , a time-domain-based method
or passivity preserving discretization for haptic interaction was pro-
osed. Also focusing the interaction with virtual realities, the inertia
atrix of a multi-degree-of-freedom haptic device served the weight-
ng of a generalized variable passivity controller damping in [3] . In [4] ,
he TDPA method was extended for teleoperation setups without delay.
he TDPA for passivity control of the delay in a 2-Channel teleoperation
ystem was introduced in [5] . The authors of [6–8] extended the TDPA
or the application in more complex teleoperation architectures. In [9] ,
he conventional TDPA has been applied to an industrial, multilateral,
ulti-DoF teleoperation scenario. 
Especially this type of online passivity guaranteeing controller has
hown great advantages in stabilizing delayed coupled network systems.☆ This paper was recommended for publication by associate editor Dr. Mokrane Bou
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957-4158/© 2018 Elsevier Ltd. All rights reserved. ue to many unknown system parameters and the wide range of param-
ter variation in coupled network systems, their stabilization has been
nown to be quite complicated. A variety of control concepts as the wave
ariables method [10–12] were developed for delayed coupled network
ystems. The authors of [13] proposed a passive set-point controller for
ime-delayed teleoperation systems. An energy tank based two-layer ap-
roach was introduced in [14] . Among them, TDPA has been getting
ore attention, and is recognized as one of the best performing control
pproaches compared to other types of controllers [15] . 
However, the TDPA has still been suffering from limited control per-
ormance due to its controller design conservatism. To satisfy the passiv-
ty condition in real-time, it often over-sacrifices the performance of the
ontroller which can result in large position synchronization error and
eedback force attenuation [16] . Recently, researchers have proposed a
odified method to reduce the design conservatism of the TDPA, in par-
icular for improved position synchronization in delayed coupled net-
ork systems such as teleoperation systems [17,18] . 
However, we recently found that there is still large room to improve
he performance of the TDPA especially for network systems with de-
ayed position coupling. The conventional TDPA passivates the network
onsidering a direction dependent energy flow observation and control duedaoud. 
. Ryu), m.ferre@upm.es (M. Ferre). 
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Fig. 1. 1-Port Network. Fig. 2. 2-Port Network. 
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p  o the limitation of the considered passivity proof [16] . However, we
ound that this causes unnecessary conservatism in the controller de-
ign because it didn’t allow us to differentiate the reflected energy from
he pure transmitted energy in the 2-port network. 
In this paper, we propose a new method reducing the design conser-
atism of TDPA for coupled delayed network systems by avoiding the
irection dependent energy monitoring. Therefore, a control loop in-
erent energy storage element is considered in the passivity controlled
-port network. An ideal intended amount of energy in this energy stor-
ge element is determined and the overall passivity is guaranteed by
imiting the energy output of the 2-port to the ideal energy content of
he energy storage element in a direction independent manner. As the
esult, the required amount of energy dissipation for preserving overall
assivity is minimized by allowing energy reflection from the energy stor-
ge element . It is important to note that, in contrast to [14] and [19] , we
onsider potential energy but no dissipated energy in the energy stor-
ge element to achieve a physically reasonable interpretation of energy
eflection. 
This paper is structured as follows: Section 2 presents the fundamen-
als of Time Domain Passivity Control. Section 3 describes two state
f the art approaches in TDPA of delayed 2-ports and the drawbacks
esulting from the direction dependent energy monitoring. The pro-
osed control concept for delayed coupled network systems and the
espective stability proof are presented in Section 4 . The advantages
f the approach are discussed in a teleoperation setup employing ex-
eriments in Section 5 . A performance comparison with a state of the
rt approach is presented in Section 6 . Finally, Section 7 provides the
onclusion. 
. Background 
This section reviews the two conventional Time Domain Passivity
pproaches for delayed coupled network systems and shows the sources
f possible conservatism of these approaches, resulting especially from
he direction dependent energy observation. 
To guarantee the stability of a system with states x , the TDPA con-
iders the passivity criterion: 
 ( x ( 𝑡 )) − 𝑉 ( x (0)) ≤ 
𝑡 
∫
0 
𝑠 ( u ( 𝜏) , y ( 𝜏)) 𝑑𝜏 = 
𝑡 
∫
0 
y 𝑇 ( 𝜏) u ( 𝜏) 𝑑𝜏. (1) 
s long as the energy increase ( 𝑉 ( x ( 𝑡 )) − 𝑉 ( x (0)) ) in the system since
 = 0 is not higher than the integral of the power (supply rate s , input u
nd output y ) that has entered the system, the system hasn’t generated
nergy itself. In other words, the system is passive and thus absolute
tability can be guaranteed [20] . 
The passivity criterion is highly modular in that the passivity of a sys-
em is guaranteed if it consists of passive subsystems. The subsystems of
 system can be designed with the help of the network representation. A
etwork representation with clear causality and with a clear definition
f the energy flow direction is essential for passivity-based control meth-
ds as the TDPA. Especially in case of delayed coupled network systems,
ike time-delayed teleoperation systems, the design of a proper network
epresentation was not a trivial problem [6,8] . Figs. 1 and 2 show a
-port and 2-port network, respectively. At each port, a power conju-
ate pair of effort variable (force) and flow variable (velocity) can be
efined and measured. By integrating this power conjugate pair over
ime, the total energy can be calculated. Also, considering the sign of
he conjugate pair, the energy flow direction can be determined. 
A network representation of a delayed coupled network system is
epicted in Fig. 3 . The electrical models of human operator h , master
evice m , controller c , slave s and environment e consist of mass M (in-
uctance), stiffness K (capacitor) and damping B (resistor) elements.
he TDPA that can handle variable delay, jitter as well as package loss
5,21] , assures the passivity of the communication channel (CC) through59 o-called passivity controllers (PC). The PCs terminate the passivity con-
rolled delayed 2-port of the CC (port 2 and port 3). 
Note that in a delay-free system, the passivity criterion is not a
onservative method since generally an intrinsically passive position
ontroller is applied. The terminations of the network, Agent Λ1 and
gent Λ2 have to be designed in a passive manner. In case of teleoper-
tion systems, Agent Λ1 represents the human operator and the master
evice and Agent Λ2 the slave in its environment. These terminations are
bviously not passive but there is a widely accepted assumption that
uman operator and environment behave passive in their interaction
uch that the energy introduced by one is dissipated by the respective
ther. This assumption can be strengthened by the observation that,
n real interactions, a human is used to use passive devices in active
nvironments. 
The direction of power flow (left to right L2R, right to left R2L) at a
etwork subsystem port i can be distinguished by the sign of the power
n time step k: 
 
𝐿 2 𝑅 
𝑖 
( 𝑘 ) = 
{ 
0 , if 𝑃 𝑖 ( 𝑘 ) < 0 
𝑃 𝑖 ( 𝑘 ) , if 𝑃 𝑖 ( 𝑘 ) > 0 
(2) 
 
𝑅 2 𝐿 
𝑖 
( 𝑘 ) = 
{ 
0 , if 𝑃 𝑖 ( 𝑘 ) > 0 
− 𝑃 𝑖 ( 𝑘 ) , if 𝑃 𝑖 ( 𝑘 ) < 0 
(3) 
ith the power P i 
 𝑖 ( 𝑘 ) = 𝑣 𝑖 ( 𝑘 ) 𝐹 𝑖 ( 𝑘 ) (4) 
alculated from the force F i and the velocity v i at port i . By integration
ver time, the respective energies 𝐸 𝐿 2 𝑅 
𝑖 
( 𝑘 ) and 𝐸 𝑅 2 𝐿 
𝑖 
( 𝑘 ) can be calcu-
ated: 
 
𝐿 2 𝑅 
𝑖 
( 𝑘 ) = 𝑇 𝑠 
𝑘 ∑
𝑗=0 
𝑃 𝐿 2 𝑅 
𝑖 
( 𝑗) , (5) 
 
𝑅 2 𝐿 
𝑖 
( 𝑘 ) = 𝑇 𝑠 
𝑘 ∑
𝑗=0 
𝑃 𝑅 2 𝐿 
𝑖 
( 𝑗) , (6) 
ith the sampling time T s . The passivity criterion of a 2-port as depicted
n Fig. 2 is 
 
0 + 𝐸 𝐿 2 𝑅 1 ( 𝑘 ) + 𝐸 
𝑅 2 𝐿 
2 ( 𝑘 ) ≥ 𝐸 𝑅 2 𝐿 1 ( 𝑘 ) + 𝐸 𝐿 2 𝑅 2 ( 𝑘 ) (7) 
ith the initial energy content E 0 of the 2-port network. 
In the following, the TDPA control principles will be explained
onsidering a basic teleoperation scheme. Fig. 4 presents a position-
omputed force ( PF comp ) architecture in which a desired velocity (and
osition) and the computed controller force are exchanged through the
ommunication channels which are affected by communication delay T 1 
n L 2 R and T 2 in R 2 L direction. The PI coupling controller (Ctrl) which
enalizes the velocity and position deviation of the two agents is located
n the right side of the CC. In this case, the potential energy storage in
he network results from the controller spring that aims the position
ynchronization of the coupled devices. 
Fig. 5 presents the signal flow diagram of the TDPA [17] in a sim-
le PF comp architecture. Through passivity observers (PO) on the left
L) and right (R) side of the CC, the energy behavior of the commu-
ication channel can be analyzed. The energy difference across a 2-
ort in one direction of energy flow can be observed and the energy
M. Panzirsch, J.-H. Ryu and M. Ferre Mechatronics 58 (2019) 58–69 
Fig. 3. Network Representation of a Delayed Coupled Net- 
work System. 
Fig. 4. Signal Flow Diagram of a PF comp Architecture. 
Fig. 5. Signal Flow Diagram of Time Domain Passivity Control for Approach 1. 
W  
d
 
F  
f  
a  
t  
A  
[  
c
 
o
𝑣  
𝛽  
 
F
𝐹  
𝛼  
 
e  
e  
o  
w  
r
a  
t  
a  
c  
s  
a  
c  
d  
v
3
 
l  
e  
F  
s  
Fig. 6. Energy Observation and Passivity Control of Approach 1 [17] . 
Fig. 7. Energy Observation and Passivity Control of Approach 2 [5,24] .  
PC 1 ( k ) and W PC 2 ( k ) that has to be dissipated in time step k can be
etermined. 
Passivity controller PC1 applies a variable damping to vary the force
 2 sent to the master device. At port 3, a velocity is sent in L 2 R direction
rom Agent Λ1 to the controller. Therefore, an admittance type PC2 is
pplied at port 3 in Approach 1 that injects a variable damping to vary
his velocity signal. The depicted approach will be later referred to as
pproach 1. Current implementations of time domain passivity control
7,8,22] consider such a combination of impedance and admittance type
ontrollers. 
An admittance type PC dissipates the energy W PC 2 ( k ) by a variation
f the velocity v 3 : 
 4 ( 𝑘 ) = 𝑣 3 ( 𝑘 ) − 𝛽( 𝑘 ) 𝐹 3 ( 𝑘 ) with (8)
( 𝑘 ) = 
{ 
− 𝑊 𝑃𝐶2 ( 𝑘 ) 
𝑇 𝑆 𝐹 3 ( 𝑘 ) 2 
if 𝑊 𝑃𝐶2 ( 𝑘 ) < 0 
0 if 𝑊 𝑃𝐶2 ( 𝑘 ) ≥ 0 . (9)
An impedance type PC dissipates energy by a variation of the force
 2 : 
 1 ( 𝑘 ) = 𝐹 2 ( 𝑘 ) + 𝛼( 𝑘 ) 𝑣 2 ( 𝑘 ) with (10)
( 𝑘 ) = 
{ 
− 𝑊 𝑃𝐶1 ( 𝑘 ) 
𝑇 𝑆 𝑣 2 ( 𝑘 ) 2 
if 𝑊 𝑃𝐶2 ( 𝑘 ) < 0 
0 if 𝑊 𝑃𝐶2 ( 𝑘 ) ≥ 0 . (11)
Without loss of generality, we can say that there is always at least one
nergy storage element in a coupled network system. The energy storage
lements can be position coupling or force controllers and can be located60 n the left and/or the right side of the communication channel. Here,
e focus on systems with a position coupling control element on the
ight side of the CC as it is applied in teleoperation systems with PF comp 
rchitecture. The adequacy of the proposed approach to other setups has
o be further investigated in future. Still, the PF comp architecture can be
pplied in several delayed coupled networks with arbitrary agents that
an be designed as passive subsystems. Note that in non-teleoperation
ystems, a desired motion trajectory with open-loop control may cause
n energy input to the coupled network. But, this energy input can be
onsidered in the supply rate s , that does not violate the passivity con-
ition (1) . Therefore, the proposed approach can be applied to a large
ariety of applications. 
. Problem definition 
Figs. 6 and 7 visualize how the conventional TDPA passivates de-
ayed coupled network systems for two different ways of energy storage
lement consideration in the network. The Approach 1, presented in
ig. 6 , excludes the energy storage element from the passivity analy-
is based on the assumption that the energy storage element does not
M. Panzirsch, J.-H. Ryu and M. Ferre Mechatronics 58 (2019) 58–69 
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e  reak the passivity condition due to its intrinsic passivity. However, it
revents the consideration of the extra energy dissipation ability of the
nergy storage element and applies an admittance type PC which can
ead to position drift. In contrast, the other conventional Approach 2
see Fig. 7 ) includes the energy storage element in the passivity analysis
nd avoids admittance type PCs. For both cases, the TDPA is applied to
issipate an excessive amount of energy that is generated by the delayed
-port, which potentially leads to instability. 
.1. Functional principle of conventional approach 1 
In [17] (Approach 1, Fig. 6 ), two PCs terminate the delayed two
ort (port A, B) which contains the communication channel (CC). The
nergy flow in the system is presented by thick arrows that are marked
ith light gray (right to left: R 2 L ) and dark gray color (left to right:
 2 R ). The clock indicates delayed communication. In each direction of
nergy flow, an energy monitoring unit (battery-like shape) is charged
rom the input power into the delayed 2-port (thin dark gray line at port
 in L 2 R direction and thin light gray line at port B in R 2 L direction).
he energy monitoring unit contains the available amount of energy that
s allowed to leave at the respective output side of the delayed 2-port.
n the output side, two passivity controllers (thin dark gray line at port
 in L 2 R direction and thin light gray line at port A in R 2 L direction)
ssure via energy dissipation that not more energy than the available
mount of energy in the respective monitoring unit leaves the 2-port
n the respective direction. However, one interesting behavior of the
nergy storage element is that a part of the energy is transmitted through
he storage element to the respective other side whereas the rest of the
nergy is reflected back as it is shown by the split arrows inside the
torage element. Therefore, the R 2 L energy flow at port B contains the
eflected part of the energy from the L 2 R energy flow at port B. The
nergy reflection and transmission will be analyzed in more detail in
ection 3.3 . 
The network representation of a PF comp architecture with delay (com-
are signal flow diagram of Fig. 4 ) for Approach 1 is presented in Fig. 3 .
ere, the position controller (Ctrl) represents the energy storage ele-
ent. Considering Fig. 3 and assuming a zero initial energy 𝐸 0 = 0 , the
assivity condition (7) is fulfilled, if 
 
𝐿 2 𝑅 
1 ( 𝑘 ) + 𝐸 
𝑅 2 𝐿 
4 ( 𝑘 ) ≥ 𝐸 𝑅 2 𝐿 1 ( 𝑘 ) + 𝐸 𝐿 2 𝑅 4 ( 𝑘 ) . (12) 
ue to the delay, this condition has to be split into two parts 
 
𝑅 2 𝐿 
1 ( 𝑘 ) ≤ 𝐸 𝑅 2 𝐿 4 ( 𝑘 − 𝑇 2 ) (13) 
nd 
 
𝐿 2 𝑅 
4 ( 𝑘 ) ≤ 𝐸 𝐿 2 𝑅 1 ( 𝑘 − 𝑇 1 ) . (14) 
ince the energies are monotonously increasing, conditions (13) and
14) fulfill condition (12) . The passivity controller PC1 and PC2 of Ap-
roach 1 assure that condition (13) and (14) respectively are met. The
nergy that has to be dissipated can be calculated with 
 
𝑃𝐶1 ( 𝑘 ) = 𝐸 𝑅 2 𝐿 4 ( 𝑘 − 𝑇 2 ) − 𝐸 
𝑅 2 𝐿 
1 ( 𝑘 ) − 𝑊 
𝑃𝐶1 
𝑑𝑖𝑠𝑠 
( 𝑘 − 1) , (15) 
 
𝑃𝐶2 ( 𝑘 ) = 𝐸 𝐿 2 𝑅 1 ( 𝑘 − 𝑇 1 ) − 𝐸 
𝐿 2 𝑅 
4 ( 𝑘 ) − 𝑊 
𝑃𝐶2 
𝑑𝑖𝑠𝑠 
( 𝑘 − 1) , (16) 61 here 𝑊 𝑃𝐶𝑖 
𝑑𝑖𝑠𝑠 
( i ∈ {1, 2}) is the energy that has already been dissipated
y the passivity controllers: 
 
𝑃𝐶𝑖 
𝑑𝑖𝑠𝑠 
( 𝑘 − 1) = 𝑊 𝑃𝐶𝑖 
𝑑𝑖𝑠𝑠 
( 𝑘 − 2) + 𝑊 𝑃𝐶𝑖 ( 𝑘 − 1) . (17) 
.2. Functional principle of conventional approach 2 
In contrast, in [5,23–25] (Approach 2, Fig. 7 ), the energy storage el-
ment is considered together with the CC in the passivity control. Thus,
he two PCs are located on the left side of the CC (port A) and the right
f the storage element (port C). Instead of the right side input into the
C (port B), the power input to the storage element on the right side
port C) is charged as the available amount of energy into the energy
onitoring unit (battery-like shape) in R 2 L direction. Analogous to Ap-
roach 1, two PCs assure via energy dissipation that not more energy
han available in the energy monitoring unit leaves the 2-port in the
espective direction. Again, the energy dissipation of the PCs can be
ver-conservative because the energy observation is direction depen-
ent and doesn’t discriminate the directly reflected energy in the storage
lement. 
Fig. 8 depicts the network representation of Approach 2. The PCs
erminate the passivity controlled delayed 2-port including CC and the
torage element (port 2 and port 4). These passivity controllers apply
 variable damping to vary the forces sent in the respective directions
impedance type PC). 
Analogous to Approach 1, the passivity controllers of Approach 2
ssure that the conditions 
 
𝑅 2 𝐿 
1 ( 𝑘 ) ≤ 𝐸 𝑅 2 𝐿 5 ( 𝑘 − 𝑇 2 ) (18) 
nd 
 
𝐿 2 𝑅 
5 ( 𝑘 ) ≤ 𝐸 𝐿 2 𝑅 1 ( 𝑘 − 𝑇 1 ) (19) 
re fulfilled which meets the passivity condition of the 2-port between
ort A and C with zero initial energy 𝐸 0 = 0 despite delay: 
 
𝐿 2 𝑅 
1 ( 𝑘 ) + 𝐸 
𝑅 2 𝐿 
5 ( 𝑘 ) ≥ 𝐸 𝑅 2 𝐿 1 ( 𝑘 ) + 𝐸 𝐿 2 𝑅 5 ( 𝑘 ) . (20) 
he observed energies that need to be dissipated by the PCs are 
 
𝑃𝐶1 ( 𝑘 ) = 𝐸 𝑅 2 𝐿 5 ( 𝑘 − 𝑇 2 ) − 𝐸 
𝑅 2 𝐿 
1 ( 𝑘 ) − 𝑊 
𝑃𝐶1 
𝑑𝑖𝑠𝑠 
( 𝑘 − 1) , (21) 
 
𝑃𝐶2 ( 𝑘 ) = 𝐸 𝐿 2 𝑅 1 ( 𝑘 − 𝑇 1 ) − 𝐸 
𝐿 2 𝑅 
5 ( 𝑘 ) − 𝑊 
𝑃𝐶2 
𝑑𝑖𝑠𝑠 
( 𝑘 − 1) . (22) 
q. (17) also holds for Approach 2. 
.3. Analysis of drawbacks of the conventional approaches 1 and 2 
As mentioned before, both methods are conservative since the re-
ection of energy by the energy storage element is not considered. In
he following, these limitations are further analyzed in a teleoperation
xample. 
A free motion and wall contact in this system and the respective
bserved energies are presented in Fig. 9 . The delay was set to zero
n this experiment. The potential energy of the controller as the en-
rgy storage element can be charged up from both sides ( 𝑚𝑎𝑠𝑡𝑒𝑟 = 𝐴𝑔𝑒𝑛𝑡Fig. 8. Network Representation of Approach 2 and 3. 
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Fig. 9. Energy Behavior of a Controller with Storage Element. 
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Fig. 10. Proposed Energy Observation and Passivity Control Considering En- 
ergy Reflection (Approach 3). 1 and 𝑠𝑙𝑎𝑣𝑒 = 𝐴𝑔𝑒𝑛𝑡 Λ2). In this bilateral experiment with PF comp ar-
hitecture, the master controls the slave in free motion until the slave
ouches a rigid wall ( K e ≈∞, B e ≈0) at about 𝑡 = 3 . 4 𝑠 . During free motion
 𝐾 𝑒 = 0 , B e ≈0), the master injects the energy 𝐸 𝐿 2 𝑅 𝐵 into the controller
storage element) at port B in L 2 R direction which leaves this storage
lement mainly as 𝐸 𝐿 2 𝑅 
𝐶 
such that the slave is moved. Therefore, the
nergy storage of the controller E St is almost empty during free motion
 𝑡 = [0 𝑠, 3 . 4 𝑠 ] ). 
When the slave touches the wall ( 𝑡 = [3 . 4 𝑠, 5 𝑠 ] ), no energy can flow
n the side of the slave since its velocity is zero (constant 𝐸 𝐿 2 𝑅 
𝐶 
and
 
𝑅 2 𝐿 
𝐶 
). With the wall penetration of the master, the energy storage E St 
s filled up by energy 𝐸 𝐿 2 𝑅 
𝐵 
. When the master moves out of the contact,
he energy of the storage is released as 𝐸 𝑅 2 𝐿 
𝐵 
in R 2 L direction to press
he master out of the wall (energy reflection). 
Mainly during wall contacts, or in general when the motion of one
obot is hindered e.g. by obstacles, workspace limitations or high damp-
ng, energy might be reflected by the network element storing potential
nergy. Respecting the energetic behavior of the storage element, the
tate of the art approaches have the following conservatism: 
• In Approach 1, the passivity controller at port B dissipates en-
ergy in L 2 R direction (that would otherwise charge up the energy
storage element) although this energy might be reflected back in
R 2 L direction (if the PC would be deactivated). This may lead
to over-conservative energy dissipation. Also, for example the
force or position that is sent to the storage element from Agent
Λ1 is varied by the PC at port B. Thus, the charging of the energy
storage element is lower than intended by Agent Λ1 which can
change the coupling behavior drastically, as among others posi-
tion drift can appear. The effect of the port B PC on the conser-
vatism of Approach 1 will be further analyzed in the experiments
of Section 5 and the experimental comparison in Section 6 . 
• The energy plots St E R 2 L and St E L 2 R in Fig. 9 serve the analysis
of the conservatism of Approach 2. The charging of the spring
by 𝐸 𝐿 2 𝑅 
𝐵 
is considered as an energy dissipation St E L 2 R by the en-62 ergy storage element in Approach 2 since no power leaves the
energy storage element during the wall contact at port C ( 𝐸 𝐿 2 𝑅 
𝐶 
).
In contrast, the release of energy St E R 2 L to the master in R 2 L direc-
tion is observed as an energy generation since no power enters
at port C ( 𝐸 𝑅 2 𝐿 
𝐶 
) during the wall contact. This energy which is
wrongly interpreted as generated energy St E R 2 L is dissipated by
the PCs since the dissipation St E L 2 R happens in the other direction
of energy flow and therefore does not compensate for the energy
generation. Thus, the power flow direction dependent analysis
of Approach 2 results in high dissipation and high conservatism.
Also, the performance of Approach 2 is analyzed in detail in the
experiments of Section 5 . 
. Proposed method considering energy reflection 
Considering the drawbacks of the conventional TDPA methods as ex-
lained in Section 3 , this section proposes a less conservative method
y considering the energy reflection at the potential energy storage
lement. 
Fig. 10 visualizes the basic idea of the proposed method applied to
 delayed coupled network system. The main motivation of this pro-
osed method is that we can guarantee overall passivity without being
estricted by the direction of energy flow. Therefore, we bound the out-
ut energy of the 2-port by the ideal intended amount of input energy to
he energy storage element from the coupled passive system around it
terminations of the 2-port). Similar to Approach 2 in Section 3 , two PCs
re located at port A and port C in order to consider the energy storage
lement together with the CC in the delayed 2-port. Thus, the network
epresentation of Approach 3 equals the one of Approach 2 presented in
ig. 8 . However, in contrast to Approach 1 and 2, one unique available
mount of energy is collected in the energy monitoring unit (battery-
ike shape) collecting the energy input from both sides of the delayed
-port. Since this monitoring unit has a physical relation to the energy
torage element, the monitoring unit is located on the right side of the
ommunication channel. Thus, the asymmetric setup of the physical sys-
em is represented in the proposed approach. Locating the monitoring
nit on the left side of the CC does not guarantee a stable system be-
avior due to the loss of this physical relation and the evaluation of
his relocation remains for future work. The energy monitoring unit is
harged up by the dark gray (port A) and light gray arrow (port C) rep-
esenting the power input in L 2 R and R 2 L direction, respectively. The
nergy observation at port C in this asymmetric structure guarantees
he consideration of energy generation by the CC. This is described in
ore detail in Section 4.2 . The dashed arrows indicate where the pas-
ivity controllers dissipate the excessive amount of energy considering
he available energy in the monitoring unit. As explained later in more
etail, the distribution of the dissipation to PC1 and PC2 depends on
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 he current distribution of output power of the energy storage element
o port B and port C. Unlike the conventional TDPA, the unified energy
onitoring unit allows a direction independent energy distribution re-
pecting energy reflection. 
In the following, the advantages of the proposed design and the con-
ept of the ideal energy storage in the monitoring unit are presented in
ection 4.1 and Section 4.2 respectively. The detailed implementation
s described in Section 4.3 . 
.1. Advantages over the conventional TDPA 
In contrast to Approach 1, the energy in Approach 3 can pass at port
 to the energy storage element ( L 2 R ) without being affected by a PC.
hus, the energy storage element that serves the desired coupling be-
avior is charged up as intended by the connected agents. This becomes
lear when analyzing the analytical energy equation of the storage el-
ment: Exemplary, in the coupling through a position controller, the
nergy storage element equals a spring potential. This potential E pot can
e calculated from the stiffness K : 𝐸 𝑝𝑜𝑡 ( 𝑡 ) = 0 . 5 𝐾( 𝑥 ∗ 𝐿 ( 𝑡 ) − 𝑥 𝑅 ( 𝑡 )) 
2 , with in-
ut 𝑥 ∗ 
𝐿 
from Agent Λ1 and x R from Agent Λ2. In Approach 1, the input
 
∗ 
𝐿 
is delayed and varied by the PC at port B whereas in the proposed
pproach 3, 𝑥 ∗ 
𝐿 
is only delayed. Therefore, in contrast to Approach 1,
he energy storage element is charged up as intended by Agent Λ1 in
pproach 3. 
Similar to Approach 2, the energy that is generated by the CC in
 2 R direction and that crosses the storage element can be limited on
he right side of the storage element (port C). In contrast, energy that
rosses the CC in L 2 R direction and that is reflected by the storage ele-
ent back in R 2 L direction is, in Approach 3, only affected by passivity
ontrol when it leaves the delayed 2-port on the left side. In Approach
, this reflected energy is passivity controlled on the way to the energy
torage ( L 2 R ) and on the way back ( R 2 L ), which might lead to higher
onservatism. The proposed concept has huge advantages concerning
onservatism over Approach 2, where no reflection is considered since
he energy behavior of the storage element is interpreted as a direction
ependent combination of energy generation and dissipation. 
.2. Ideal and real energy storage 
Note that the resulting energy content of the energy monitoring unit
n Approach 3 (ideal storage) is not equal to the real energy content of
he energy storage element, since that is affected by energy generation
n the CC. Fig. 11 explains the difference between the ideal and real
nergy content in more detail. Since the active element CC adds energy
n L 2 R direction, the real storage (energy content of the energy storage
lement) which is filled up with the energies at Port 3 and Port 4 is
qual to or higher than the ideal storage (energy content of the energyFig. 11. Comparison of Real and Ideal Potential Energy Storages. 
 
 
 
 
 
 
 
63 onitoring unit). The energy monitoring unit collects the energy that is
ntroduced from the agents into the 2-port between port 1 and 5 such
hat the ideal energy content can be regarded as the desired energy con-
ent of the controller (energy storage element). As depicted in Fig. 11 ,
he ideal storage is built up by the power entering in L 2 R direction at
ort 2 ( 𝑃 𝐿 2 𝑅 2 ) and in R 2 L direction at port 4 ( 𝑃 
𝑅 2 𝐿 
4 ). As much energy as
he ideal storage (energy monitoring unit) contains may leave at port 2
n R 2 L and at port 4 in L 2 R direction. Therefore, the allowed power out-
ut P L 2 R, des and P R 2 L, des is calculated for the two directions with a logic
hat is described in Section 4.3 . The limitation of the output power is
ssured by the passivity controllers PC 1 and PC 2. PC 2 limits the actual
ower output to P L 2 R, des . The power P R 2 L, des is sent to the left side of
he CC where P R 2 L, des may exit at port 2 to Agent Λ1. Therefore, PC 1 has
o consider the delayed desired power output 𝑃 𝑅 2 𝐿,𝑑𝑒𝑠 ( 𝑘 − 𝑇 2 ) to limit
 
𝑅 2 𝐿 
2 ( 𝑘 ) . 
.3. Implementation 
In contrast to the approaches with direction dependent dissipation
pproach 1 and Approach 2, the passivity control is split up in two
arts. In the first step, a limited, desired power output P L 2 R, des ( k ) and
 
R 2 L, des ( k ) of the energy storage element is determined and in the second
tep, the delay in R 2 L direction is considered. Analogous to Approach
, the 2-port passivity condition of Approach 3 is 
 
𝐿 2 𝑅 
1 ( 𝑘 ) + 𝐸 
𝑅 2 𝐿 
5 ( 𝑘 ) ≥ 𝐸 𝑅 2 𝐿 1 ( 𝑘 ) + 𝐸 𝐿 2 𝑅 5 ( 𝑘 ) . (23) 
he basic idea of the proposed concept is the consideration of the ideal
nergy storage E St ( k ) in the energy monitoring unit which is built up by
he energies 𝐸 𝐿 2 𝑅 2 ( 𝑘 ) and 𝐸 
𝑅 2 𝐿 
4 ( 𝑘 ) . As described in Section 4.2 , the avail-
ble amount of energy that has to be accounted in the energy monitoring
nit E St can be determined by 
 𝑆𝑡 ( 𝑘 ) = 𝐸 𝑆𝑡 ( 𝑘 − 1) + 𝑃 𝐿 2 𝑅 2 ( 𝑘 − 𝑇 1 ) 𝑇 𝑠 + 𝑃 
𝑅 2 𝐿 
4 ( 𝑘 ) 𝑇 𝑠 . (24) 
t is important to note that the power 𝑃 𝐿 2 𝑅 3 ( 𝑘 ) measured at port 3 is
ot considered as an input, since it is affected by delay. But, since the
nergies are monotonously increasing and with the 2-port passivity con-
ition (7) , it is clear that the delayed input energy from port 2 can be
pplied instead. 
The passivity control is split into two parts: At first, the excessive
mount of energy that leaves the energy storage element due to the
nergy generation of the CC in L 2 R direction, has to be determined.
ater, the allowed output power P L 2 R, des ( k ) and P R 2 L, des ( k ) that may
eave the energy storage element has to be calculated. 
1. The power that actually leaves the energy storage element at port
3 and 4 may lead to instability since additional energy may be
injected into the storage element by the CC in L 2 R direction. The
actual output power 𝑃 𝑎𝑐𝑡 
𝑜𝑢𝑡 
( 𝑘 ) of the energy storage element in both
directions of energy flow is: 
𝑃 𝑎𝑐𝑡 
𝑜𝑢𝑡 
( 𝑘 ) = 𝑃 𝑅 2 𝐿 3 ( 𝑘 ) + 𝑃 
𝐿 2 𝑅 
4 ( 𝑘 ) . (25) 
If this power is smaller than or equal to the energy content of
the energy monitoring unit ( 𝑃 𝑎𝑐𝑡 
𝑜𝑢𝑡 
( 𝑘 ) 𝑇 𝑠 ≤ 𝐸 𝑆𝑡 ( 𝑘 ) ), this power may
leave at the respective ports since it would not violate the pas-
sivity condition. Only if more power than available is exiting at
port 3 or 4, the power output of the energy storage element has to
be limited. The excessive power output P exc ( k ) in both directions
can be calculated as 
𝑃 𝑅 2 𝐿 
𝑒𝑥𝑐 
( 𝑘 ) = 
⎧ ⎪ ⎨ ⎪ ⎩ 
𝑃 𝑒𝑥𝑐 ( 𝑘 ) 
𝑃 𝑅 2 𝐿 3 ( 𝑘 ) 
𝑃 𝑎𝑐𝑡 
𝑜𝑢𝑡 
( 𝑘 ) , if 𝐸 𝑆𝑡 ( 𝑘 ) < 𝑃 
𝑎𝑐𝑡 
𝑜𝑢𝑡 
( 𝑘 ) 𝑇 𝑠 
0 , if 𝐸 𝑆𝑡 ( 𝑘 ) > 𝑃 𝑎𝑐𝑡 𝑜𝑢𝑡 ( 𝑘 ) 𝑇 𝑠 
, (26) 
𝑃 𝐿 2 𝑅 
𝑒𝑥𝑐 
( 𝑘 ) = 
⎧ ⎪ ⎨ ⎪ ⎩ 
𝑃 𝑒𝑥𝑐 ( 𝑘 ) 
𝑃 𝐿 2 𝑅 4 ( 𝑘 ) 
𝑃 𝑎𝑐𝑡 
𝑜𝑢𝑡 
( 𝑘 ) , if 𝐸 𝑆𝑡 ( 𝑘 ) < 𝑃 
𝑎𝑐𝑡 
𝑜𝑢𝑡 
( 𝑘 ) 𝑇 𝑠 
0 , if 𝐸 𝑆𝑡 ( 𝑘 ) > 𝑃 𝑎𝑐𝑡 𝑜𝑢𝑡 ( 𝑘 ) 𝑇 𝑠 
, (27) 
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Fig. 12. Steps A to D of the Passivity Control. 
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Fig. 13. 1-DoF Master-Slave-System. with the power P exc ( k ) that has to be dissipated in the current
time step: 
𝑃 𝑒𝑥𝑐 ( 𝑘 ) = 𝐸 𝑆𝑡 ( 𝑘 )∕ 𝑇 𝑠 − 𝑃 𝑎𝑐𝑡 𝑜𝑢𝑡 ( 𝑘 ) . (28)
Here ( Eqs. (26) and (27) ), the dissipation of excessive energy is
distributed to L 2 R and R 2 L direction proportionately to the real
power output 𝑃 𝑅 2 𝐿 3 ( 𝑘 ) and 𝑃 
𝐿 2 𝑅 
4 ( 𝑘 ) in the respective direction.
Although other distributions are conceivable, the chosen distri-
bution seems most reasonable since it is related to the current
output power. 
2. The excessive power 𝑃 𝐿 2 𝑅 
𝑒𝑥𝑐 
( 𝑘 ) can be directly subtracted from the
power 𝑃 𝐿 2 𝑅 4 ( 𝑘 ) by the right hand side PC 2: 
𝑃 𝐿 2 𝑅,𝑑𝑒𝑠 ( 𝑘 ) = 𝑃 𝐿 2 𝑅 4 ( 𝑘 ) + 𝑃 
𝐿 2 𝑅 
𝑒𝑥𝑐 
( 𝑘 ) , (29)
𝑊 𝑃𝐶2 ( 𝑘 ) = 
𝑘 ∑
𝑗=0 
( 𝑃 𝐿 2 𝑅,𝑑𝑒𝑠 ( 𝑗) − 𝑃 𝐿 2 𝑅 4 ( 𝑗)) 𝑇 𝑠 − 𝑊 
𝑃𝐶2 
𝑑𝑖𝑠𝑠 
( 𝑘 − 1) . (30)
The energy W PC 2 ( k ) is then dissipated by PC 2 according to
Eq. (11) . 
PC 1 has to assure that not more power than P R 2 L, des ( k ) with 
𝑃 𝑅 2 𝐿,𝑑𝑒𝑠 ( 𝑘 ) = 𝑃 𝑅 2 𝐿 3 ( 𝑘 ) + 𝑃 
𝑅 2 𝐿 
𝑒𝑥𝑐 
( 𝑘 ) (31)
leaves at port 2 in R 2 L direction. Under consideration of the en-
ergy generation of the time delay in the communication channel,
the observed energy of PC 1 can be calculated: 
𝑊 𝑃𝐶1 ( 𝑘 ) = 
𝑘 − 𝑇 2 ∑
𝑗=0 
𝑃 𝑅 2 𝐿,𝑑𝑒𝑠 ( 𝑗 ) 𝑇 𝑠 − 
𝑘 ∑
𝑗=0 
𝑃 𝑅 2 𝐿 2 ( 𝑗 ) 𝑇 𝑠 −𝑊 
𝑃𝐶 1 
𝑑𝑖𝑠𝑠 
( 𝑘 − 1) . (32)
This energy W PC 1 ( k ) is then dissipated by PC1 according to
Eq. (11) . 
Impedance type PCs lead to forces with high frequencies due to sud-
en force changes. The authors of [16] proposed an additional passive
irtual mass-spring system to circumvent this effect. The virtual mass-
pring system acts as a low-pass filter of force and velocity in both di-
ections in a way that passivity is maintained. 
For the next time step, the available amount of energy in the en-
rgy monitoring unit E St ( k ) has to be updated, as the powers 𝑃 
𝑅 2 𝐿 
3 ( 𝑘 )
nd 𝑃 𝐿 2 𝑅 4 ( 𝑘 ) have exited at the respective ports of the energy storage
lement: 
 𝑆𝑡 ( 𝑘 ) = 𝐸 𝑆𝑡 ( 𝑘 − 1) + ( 𝑃 𝐿 2 𝑅 2 ( 𝑘 − 𝑇 1 ) + 𝑃 
𝑅 2 𝐿 
4 ( 𝑘 ) 
− 𝑃 𝑅 2 𝐿 3 ( 𝑘 ) − 𝑃 
𝐿 2 𝑅 
4 ( 𝑘 )) 𝑇 𝑠 . (33)
ote that 𝑃 𝑅 2 𝐿 3 ( 𝑘 ) needs to be considered instead of 𝑃 
𝑅 2 𝐿 
2 ( 𝑘 − 𝑇 2 ) due to
he delay. 
.4. Passivity proof 
Fig. 12 presents the 4 steps (A-D) of the passivity control approach
hat fulfill the passivity condition of the 2-port between port 1 and port
. In step A of Eq. (24) , the ideal reference storage is calculated that
onsiders the input energies of the 2-port. The desired output powers
re limited by the ideal storage E St or the energy inputs 𝑃 
𝐿 2 𝑅 
2 and 𝑃 
𝑅 2 𝐿 
4 
espectively 
𝑘 
𝑗=0 
𝑃 𝑅 2 𝐿,𝑑𝑒𝑠 ( 𝑗) 𝑇 𝑠 + 
𝑘 ∑
𝑗=0 
𝑃 𝐿 2 𝑅,𝑑𝑒𝑠 ( 𝑗) 𝑇 𝑠 ≤ 
𝑘 − 𝑇 1 ∑
𝑗=0 
𝑃 𝐿 2 𝑅 2 ( 𝑗) 𝑇 𝑠 + 
𝑘 ∑
𝑗=0 
𝑃 𝑅 2 𝐿 4 ( 𝑗) 𝑇 𝑠 
(34)
compare Eqs. (26) - (31) ) in step B. Finally, in step C and D, the passivity
ontrollers PC1 and PC2 assure that 64 • 𝐸 𝑅 2 𝐿 1 ( 𝑘 ) ≤ 
𝑘 ∑
𝑗=0 
𝑃 𝑅 2 𝐿,𝑑𝑒𝑠 ( 𝑗) 𝑇 𝑠 and 
• 𝐸 𝐿 2 𝑅 5 ( 𝑘 ) ≤ 
𝑘 ∑
𝑗=0 
𝑃 𝐿 2 𝑅,𝑑𝑒𝑠 ( 𝑗) 𝑇 𝑠 . 
Overall, assuming zero initial energy, the 2-port passivity condition
7) is fulfilled, since the outgoing energies are lower than the ingoing
nergies: 
 
𝑅 2 𝐿 
1 + 𝐸 
𝐿 2 𝑅 
5 ≤ 𝐸 𝑅 2 𝐿,𝑑𝑒𝑠 ( 𝑘 ) + 𝐸 𝐿 2 𝑅,𝑑𝑒𝑠 ( 𝑘 ) ≤ 𝐸 𝐿 2 𝑅 1 + 𝐸 𝑅 2 𝐿 5 . (35) 
ote that these energies are monotonously increasing. 
. Application to teleoperation 
This section describes the application of the proposed Approach 3 to
 teleoperation setup. 
The following experiments serve the performance comparison of the
hree presented approaches. The experiments have been performed with
he 1-DoF Master-Slave-System developed by SENSODRIVE GmbH (see
ig. 13 ). The control software ran on a real time system (QNX) at 1kHz
ampling rate and was developed in Matlab/Simulink. 
The first experiment Exp1 presents a free motion scenario without
ontacts at 200ms roundtrip-delay with Approach 1 (see Fig. 14 ). The
ort numbers are denoted according to Fig. 5 . At 𝑡 = [5 𝑠, 7 𝑠 ] , it is obvi-
us that the position synchronization is not perfect since Agent Λ2 does
ot reach the maximum deflection of Agent Λ1. This behavior results, to
ome extent, from the admittance type PC that causes a position drift.
ote that the authors of [17,18,26] proposed different methods to com-
ensate for the effect of position drift. Here, the concept of [17] was
mplemented. Still, due to the high delay, the compensation is limited. 
The second experiment Exp2 in Fig. 15 shows a wall contact at
0ms roundtrip-delay in a setup with Approach 2. It can be analyzed
t 𝑡 = [7 𝑠, 7 . 5 𝑠 ] that the feedback torque to Agent Λ1 is reduced gravely
hen Agent Λ1 moves out of the wall. This results from the wrong inter-
retation of the energy reflection as an energy generation in Approach
 (discussed in Section 3 ). In contrast to Approach 1, no position drift
ppears, since the PCs don’t vary the input to the coupling controller in
pproach 2. 
The remaining experiments focus on the proposed concept
Approach 3). The system was tuned at the verge of stability at
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Fig. 14. Exp1: Free Motion and Wall Contact with 200ms roundtrip delay in 
Approach 1. 
Fig. 15. Exp2: Wall Contact with 30ms Roundtrip-Delay in Approach 2. 
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Fig. 16. Exp3: Wall Contact with 30ms Roundtrip-Delay in Approach 3. 
Fig. 17. Exp4: Free Motion and Wall Contact with 400ms Roundtrip-Delay in 
Approach 3. 
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o0ms roundtrip-delay (controller stiffness 𝐾 𝐶 = 2 
𝑁𝑚 
𝑟𝑎𝑑 
, controller damp-
ng 𝐵 𝐶 = 0 . 01 
𝑁𝑚𝑠 
𝑟𝑎𝑑 
). The third experiment Exp3 (see Fig. 16 ) presents the
erformance of the system by applying Approach 3 at 30ms roundtrip-
elay. The position following of the two devices is satisfactory. The en-
rgy plot E PP 
 𝑃𝑃 ( 𝑘 ) = 𝐸 𝐿 2 𝑅 1 ( 𝑘 ) + 𝐸 
𝑅 2 𝐿 
5 ( 𝑘 ) − 𝐸 
𝑅 2 𝐿 
1 ( 𝑘 ) − 𝐸 
𝐿 2 𝑅 
5 ( 𝑘 ) (36) 
analogous to Eq. (7) ) serves as the passivity proof of the PC controlled
etwork between port 1 and port 5 (see Fig. 8 ). The charging and re-
easing of the spring during the two wall contacts ( 𝑡 = [9 . 3 𝑠, 10 . 6 𝑠 ] and
 = [12 . 7 𝑠, 13 . 2 𝑠 ] ) are clearly visible in the energy plot. Since E PP is never
egative, the passivity during the operation is confirmed. There is only
ittle PC dissipation during free motion. When the master moves the
lave against the wall ( 𝑡 = [9 . 3 𝑠, 10 . 1 𝑠 ] ), the storage is built up such that
o power has to be dissipated since it is stored in the energy storage ele-
ent. When the master moves out of the wall ( 𝑡 = [10 . 1 𝑠, 10 . 7 𝑠 ] ), power
s flowing to the master such that mainly PC1 dissipates energy that was
enerated by the communication channel. Since the slave is steady dur-
ng a contact with a rigid wall, no power flows to the slave. Especially
hen the master moves out of the wall, the dissipation is much lower
n Approach 3 compared to Approach 2 in Exp2. This can be analyzed65 n the force feedback to the master which is more gravely reduced in
pproach 2 ( 𝑡 = [7 . 2 𝑠, 7 . 5 𝑠 ] ). 
The fourth experiment Exp4 presents a free motion situation with
low ( 𝑡 = [1 𝑠, 3 . 5 𝑠 ] ) and fast motion ( 𝑡 = [3 . 5 𝑠, 6 . 5 𝑠 ] ) and a wall contact
f the slave ( 𝑡 = [12 . 5 𝑠, 15 . 5 𝑠 ] ) at 400ms roundtrip-delay (see Fig. 17 ).
he position following is clearly affected by the high delay. The energy
lot E PP is always positive and thus confirms the passivity of the PC
ontrolled network. Mainly passivity controller PC 1 is active during the
all contact. Very little energy needs to be dissipated in free motion
t low velocities. In contrast to Approach 1 (Exp1), no position drift
ppears despite the high communication delay due to the consideration
f energy reflection and the application of impedance type PCs. 
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Fig. 18. Experimental Setup of Comparison Study. 
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Fig. 19. Exp5a: Free Motion at 𝑓 = 0 . 2 𝐻𝑧 . . Experimental comparison study 
In this section, the time delay control method of [17] (Approach
) and the proposed concept (Approach 3) are compared in a PF comp 
rchitecture with respect to different performance measures at vary-
ng delays. The analysis in Section 3.3 and especially the experiment
n Fig. 15 show that Approach 2 has clear logical disadvantages over
pproach 3 and is therefore excluded from the comparison. 
Different metrics have been proposed to evaluate the performance
f haptic devices and control approaches. For comparative studies, dif-
erent performance indexes have been applied in [27,28] . The Z-width
nd the M-width were analyzed in [29] and [30] respectively. [31] ,
32] and [33] present performance evaluations of haptic interfaces and
he respective control methods. The performance of common bilateral
eleoperation concepts has been investigated in [34] , [35] , [36] and
37] . 
Here, similar to [38] that investigated the free space and stiffness
ransparency separately, free motion and wall contact scenarios are
onsidered. Analogous to [15] , the position error and the transmitted
mpedance are considered as performance measures. 
.1. Experimental setup 
Two 1-DoF master-slave systems have been applied as agent devices
ue to their low mass and low friction. To assure the reproducibility
f the results and consistent system inputs, a human operator has been
imulated with an additional 1-DoF system connected with the Agent Λ1
evice through a rigid bar as presented in Fig. 18 . In both approaches, a
F comp architecture was used. Since the research of [17,18,26] showed
hat position drift compensation can improve the performance of Ap-
roach 1, the position drift compensation presented in [17] was applied
o Approach 1. This setup allowed the measurement of interaction forces
t Agent Λ1 and Λ2. 
.2. Method 
A position controller ( 𝐾 𝐶2 = 2 . 3 
𝑁𝑚 
𝑟𝑎𝑑 
, 𝐵 𝐶2 = 0 
𝑁𝑚𝑠 
𝑟𝑎𝑑 
, 𝐵 𝐻𝑂 = 0 . 05 
𝑁𝑚𝑠 
𝑟𝑎𝑑 
)
cted on the device which replaced the human operator aiming at a si-
usoidal motion with increasing frequency f ∈ [0.2, 1.4]. A maximum
requency of 1.4 Hz has been chosen since a human operator should
ot move faster at high roundtrip-delays to achieve a sufficient per-
ormance. The approaches were analyzed for different roundtrip-delays
 T i ∈ {30 ms , 100 ms , 200 ms , 400 ms }). The stiffness K C of the position
ontroller connecting Agent Λ1 and Agent Λ2 was set to 𝐾 𝐶 = 2 
𝑁𝑚 in
𝑟𝑎𝑑 
Table 1 
Metrics. 
MV ( K eff) mean effective impedance of evaluated frequencies f ∈ [0.2 Hz , 1.4 Hz ] [1
Path error path error between the path length of the human operator motion and th
Path Λ1 path Path Λ1 of the Agent Λ1 device 
MV (| P error |) mean position error between the Agent Λ2 device and the delayed Agent 
MV (| F Λ2 |) mean value of the absolute measured interaction forces of Agent Λ2 
E diss sum of energy dissipated by the two passivity controllers PC 1 and PC 2 
RAT E the ratio 𝑅𝐴𝑇 𝐸 = ( 𝐸 Λ1 + 𝐸 Λ2 )∕( 𝐸 𝐾 Λ1 + 𝐸 
𝐾 
Λ2 ) of actual 𝐸 Λ𝑖 ( 𝑘 ) = 
∑𝑘 
𝑛 =0 ( 𝑣 Λ𝑖 ( 𝑛 ) 𝐹
MV ( RAT F ) the mean value of the ratio 𝑅𝐴𝑇 𝐹 = ( 𝐹 Λ1 + 𝐹 Λ2 )∕2 𝐹 𝐾 of actual F Λi and ex
66 oth approaches. This stiffness was chosen such that sufficient perfor-
ance was guaranteed up to 400ms roundtrip-delay. For the sake of
omparability K C was constant throughout the comparative study. Indi-
idual position controller damping B C and local damping gains B Λ1 and
 Λ2 of the devices were adapted for each roundtrip-delay and approach,
o achieve (subjectively rated) the best performance regarding the spe-
ific roundtrip-delay. Although the Time Domain Passivity controlled
ystem is stable for any damping, the performance can be improved ap-
lying delay dependent damping values. Note that a local damping loop
t the devices can be designed as an additional passive 2-port subsystem
n the network such that it can be introduced into the presented control
oops without violation of the passivity criterion. To consider different
nvironmental impedances Z e , the approaches were evaluated in a free
otion ( 𝑍 𝑒 = 0 ) and a wall contact situation with fixed Agent Λ2 device
 Z e ≈∞). 
The metrics include the features denoted in Table 1 . In the wall con-
act experiments, high effective stiffness values MV ( K eff) are desired. In
ontrast, for free motion without environment contact, MV ( K eff) should
e zero. The position and path error should be low in both situations.
he percentage of transmitted energy ( RAT E ) and the percentage of
gent Λ2 forces ( MV ( RAT F )) should be close to one. In the wall contact
cenario, the Agent Λ2 does not move such that MV ( RAT F ) is considered
nstead of RAT E . The path Path Λ1 of Agent Λ1 has to be analyzed in con-
ext with the interaction force F Λ2 and the effective stiffness K eff. The
issipated energy E diss should be low. 
.3. Results 
Figs. 19 to 22 depict the results for different environmental
mpedances and roundtrip-delays at different frequencies. Since, in gen-
ral, the system performance at high delays is better at low frequency
otions, the results of different frequency bandwidths are depicted. 
In Fig. 19 (Exp5a), the free motion scenario at low input frequencies
s depicted. At a roundtrip-delay of 30ms, the dissipated energy and the5] 
e motion of the Agent Λ2 device 
Λ1 device position 
 Λ𝑖 ( 𝑛 )) ( i ∈ {1, 2}) and expected energy flow 𝐸 𝐾 Λ𝑖 = 
∑𝑘 
𝑛 =0 ( 𝑣 Λ𝑖 ( 𝑛 )( 𝑥 Λ2 ( 𝑛 ) − 𝑥 Λ1 ( 𝑛 )) 𝐾 𝐶 ) 
pected computed force 𝐹 𝐾 = ( 𝑥 Λ2 ( 𝑘 ) − 𝑥 Λ1 ( 𝑘 )) 𝐾 𝐶 
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Fig. 20. Exp5b: Wall Contact at 𝑓 = 0 . 2 𝐻𝑧 . 
Fig. 21. Exp6a: Free Motion at 𝑓 ∈ [0 . 2 𝐻𝑧 − 1 . 4 𝐻𝑧 ] . 
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Fig. 22. Exp6b: Wall Contact at 𝑓 ∈ [0 . 2 𝐻𝑧 − 1 . 4 𝐻𝑧 ] . 
Table 2 
Results. 
Frequency 𝑓 = 0 . 2 𝐻𝑧 
Free Motion 
lower position and path errors for Approach 3 
lower dissipation for Approach 3 at 30ms roundtrip-delay 
higher dissipation for Approach 3 at 200ms and 400ms roundtrip-delay 
low effective stiffness in Approach 1 and 3 (despite 200ms roundtrip-delay) 
higher RAT E for Approach 3 
Wall Contact 
higher effective stiffness for Approach 3 
higher Agent Λ2 interaction forces of Approach 3 
higher dissipation for Approach 3 at 200ms and 400ms roundtrip-delay 
higher MV ( RAT F ) for Approach 3 
Frequencies 𝑓 ∈ [0 . 2 𝐻𝑧 − 1 . 4 𝐻𝑧 ] 
Free Motion 
lower position and path errors for Approach 3 
lower dissipation for Approach 3 at 30ms roundtrip-delay 
higher dissipation for Approach 3 at 200ms and 400ms roundtrip-delay 
higher effective stiffness in Approach 3 at 400ms roundtrip-delay 
higher RAT E for Approach 3 
Wall Contact 
higher effective stiffness for Approach 3 
higher Agent Λ2 interaction forces of Approach 3 
higher dissipation for Approach 3 
higher MV ( RAT F ) for Approach 3 
d  
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d  
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e  
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T  
t  
t  
p  
s  
a  
s  osition and path errors are lower for Approach 3. With increasing de-
ay, Approach 3 dissipates relatively more energy than Approach 1 but
he position and path errors increase intensively in Approach 1 despite
he slow motion. The big path error of Approach 1 results from position
rift and reduces transparency strongly. Aside from the 200ms condi-
ion, the effective stiffness is low in both approaches. The comparably
igh MV ( K eff) of Approach 3 at 200ms roundtrip-delay may result from
elay and frequency depending reflections in the communication chan-
el. Note that this difference at 200ms roundtrip-delay vanishes when a
ider range of frequencies is analyzed (Exp6a). RAT E has better values
or Approach 3 at all delays. 
In the wall contact situation at slow motion (see Fig. 20 , Exp5b), the
V ( K eff) is higher for Approach 3. Also, the metric MV (| F Λ2 |) indicates
hat the desired Agent Λ2 motion results in higher Agent Λ2 forces in
pproach 3. The position drift of the admittance type PC in Approach
 leads to a lower wall penetration of Agent Λ1 (although the path of
he Agent Λ1 device is same for both approaches) and thus to lower
nteraction and coupling forces. Due to lower coupling forces, the dissi-
ated energy is reduced in Approach 1. MV ( RAT F ) has better values for
pproach 3 at all delays. 
The results at a bigger range of input frequencies in Fig. 21 (Exp6a)
nd Fig. 22 (Exp6b) are similar but less pronounced. Furthermore, the
osition and path errors increase for both approaches due to faster mo-
ions. Note that the path of Agent Λ1 in the wall contact situation re-67 uces with the delay since the maximum frequency was set to 1.2 Hz
or 100 ms roundtrip-delay and to 1 Hz for 200 ms and 400 ms roundtrip-
elay. During free motion, the effective stiffness is lower for Approach 1
ut this may result from position drift and can therefore not be consid-
red as a benefit of Approach 1. Since the motion frequency is too high
or the high roundtrip-delays, during wall contact, the effective stiffness
s lower than at 0.2 Hz motions in both approaches. 
The main results are summarized in Table 2 . 
.4. Discussion 
In free motion, the position following is the most relevant criterion.
he effective stiffness criterion provides lower accuracy in the free mo-
ion compared to the wall contact situation. Thus, considering free mo-
ion, Approach 3 with lower position and path errors promises better
erformance. At low roundtrip-delay and slow motion, Approach 3 dis-
ipates less energy than Approach 1. The dissipated energy is not a suit-
ble criterion since the energy amount of the system depends on the
ystem behavior which differs strongly for the two approaches. Due to
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 he position drift in Approach 1, the forces are lower. Lower forces in-
vitably lead to lower power flow in the system and thus to less dis-
ipation by the passivity controllers. Also, the relative dissipation of
nergy is not a reliable criterion. In contrast, the percentage of trans-
itted energy which refers to the expected power flow resulting from
he reference position and the controller constant K C is more reasonable.
lso during wall contacts, Approach 3 provides better performance. This
act can be drawn from the higher effective stiffness and higher Agent
2 interaction forces (compare MV ( RAT F ) and MV (| F Λ2 |)) throughout
ll experiments with wall contact. 
At motion inputs of higher frequencies ( 𝑓 ∈ [0 . 2 𝐻𝑧 − 1 . 4 𝐻𝑧 ] ), the
erformance of both approaches decreases since the automated fre-
uency inputs do not react on the system behavior. In teleoperation
etups, a human operator is able to adapt the velocity at high communi-
ation delays. To avoid large position drift in Approach 1 and to avoid
igh resistive forces due to position deviations in Approach 3, with in-
reasing delays, slower motions are required. 
. Conclusion 
In this paper, a new time domain passivity control approach has been
roposed that considers, in contrast to former approaches, energy reflec-
ion by an energy storage element. Thus, negative effects such as posi-
ion drift or excessive energy dissipation of former approaches could be
voided. Therefore, the proposed concept considers, in addition to the
nergy behavior of the communication channel, the potential energy
f the coupling controller as an energy storage. Experiments showed
ood position synchronization of two coupled agents despite a round
rip delay of 400ms. These results were strengthened in a comparison
ith a state of the art time domain passivity control approach consider-
ng different performance metrics. The proposed approach showed bet-
er results considering position synchronization during free motion and
ransmitted impedances during wall contact at a wide range of commu-
ication delays. For future work, the proposed concept should also be
ntegrated in a Position-Position architecture or a 4-Channel framework
nd applied in more complex robotic applications. 
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